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Production Module

A. Summary of Production Module

The purpose of the production module is to simulate the annual production of SE-positive eggs in
the USA. Through the incorporation of epidemiologically relevant variables, this production
module may also be used to simulate the effects of specific mitigation strategies on the annual
production of SE-positive eggs.

The production module is the first stage of a farm-to-table quantitative risk assessment of the
exposure of the human population to SE-positive eggs and the adverse medical outcomes which
may occur as a result of this exposure.  Once the total number of egg-producing flocks is
specified, this module completes probability calculations to determine the number of SE-positive
flocks and the number of SE- negative flocks within the total number of egg-producing flocks. 
SE-positive flocks are further differentiated into ‘low prevalence SE-positive flocks’ and into
‘high prevalence SE-positive flocks’. Low prevalence SE-positive flocks are defined as flocks
which produce SE-positive eggs, but produce SE-positive eggs at a very low rate - e.g. 1 SE-
positive egg per 17,000 eggs laid by the low prevalence SE-positive flock.  High prevalence SE-
positive flocks are defined as flocks which produce SE-positive eggs, and produce SE-positive
eggs at a higher rate  - e.g. 1 SE-positive egg per 1400 eggs laid by the high prevalence SE-
positive flock . For a given number of SE-positive flocks, the module then determines the number
of these SE-positive flocks that would be expected to be ‘high prevalence SE-positive flocks’ and
the number of these SE-positive flocks that would be expected to be ‘low prevalence SE-positive
flocks’.  Some egg laying hens also go through a molting process during which they are
rejuvenated to lay eggs for a longer period of time. Molting is associated with an increased rate
of SE-positive eggs within SE-positive flocks.  In recognition of this fact, the production module
also calculates the number of SE-positive flocks that are molted.  Consequently, the model
calculates the number of SE-positive flocks in each of the following categories:
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Figure A-1 Diagram of Production Module.
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a) high prevalence SE-positive flock, molted,
b) high prevalence SE-positive flock, not molted,
c) low prevalence SE-positive flock, molted, and
d) low prevalence SE-positive flock, not molted.

The production module calculates the number of SE-positive eggs produced annually for each of
these categories.  The sum of these calculations is the total number of SE-positive eggs produced
annually by the egg industry, and this sum is the primary output of the production module. 

As a final step in the production module, the number of SE-positive eggs marketed to shell egg
processing & distribution and the number of SE-positive eggs marketed to liquid egg processing
is estimated.  This step determines the total number of SE-positive eggs which the Shell Egg
Processing & Distribution Module will handle and the total number of SE-positive eggs which
the Liquid Egg Processing Module will handle.

B. Inputs to Production Module

The number of flocks modeled in the production module is constant and is equal to 5028 flocks,
a figure adapted from the 1992 U.S. Agriculture Census data. To account for the variability in
egg production for different sized flocks, the total number of flocks are stratified by size
according to 1992 U.S. Agriculture Census data (Table A-1).

For the purposes of this model, a flock is defined as a group of hens of similar age which are
housed together.  The U.S. Agriculture Census reports in units of farms, which may contain one
or more flocks.  To calculate the number of flocks in each size strata, farm and flock were
equated for each stratum with less than 100,000 hens per farm.  For farms with more than
100,000 hens,  an average capacity of 110,000 hens per flock was used . 

Table A-1.  Four strata of flock size used in production module.

Strata & Number of hens per flock (range) Number of flocks in each stratum

10,000-19,999 1892

20,000-49,999 1134

50,000-99,999   519

> 100,000 1483

Total 5028
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C. Production Module Variables

1. Prevalence of SE-positive flocks

a. Evidence

The prevalence of SE-positive flocks (which produce SE-positive eggs) is used
to determine the number of SE-positive flocks in the production module.  

Prevalence surveys conducted in 1991 (Ebel et al.,1992) and 1995 (Hogue et al.
1997) allow development of the estimate of the national prevalence of SE-
positive flocks.  In 1991, 111 (27%) of 406 flocks sampled were SE-positive.  In
1995, 136 (45%) of 305 flocks sampled were SE-positive.  

The prevalence of SE-positive flocks for the above studies was determined
through slaughter surveys of spent hens. Spent hens are hens which no longer lay
eggs at a rate which is commercially viable, and these hens are considered
‘spent’. Spent hens are removed from production; typically via slaughter. These
slaughter surveys of spent hens used a two-stage sampling design whereby flocks
were initially selected and then intestinal tract samples from 300 hens in each
flock were collected and cultured for SE.  

Because of seasonal effects in the results, data from the 1995 spent hen survey
conducted by Hogue et al. (1997) and data from the 1991 national spent hen
survey by Ebel et al. (1992) are combined in the estimation of national
prevalence of SE-positive flocks.  We assume that combining both surveys may
more accurately reflect an average prevalence over a full year.  Therefore, our
analysis begins with an assumption that 247 (i.e., 111 + 136) of 711 (406 + 305)
flocks sampled in the spent hen surveys were SE-positive.    

The 1991 and 1995 national spent hen surveys evaluated prevalence of SE-
positive flocks at the regional level.  Regions were not necessarily sampled in
proportion to the actual number of flocks resident in each region (Table 2).  As
Table A-2 shows,  310 (44%) of 711 flocks were sampled in the Northern region
in the 1991 and 1995 surveys, yet only 27% of the U.S. flock resides in the
Northern region.  To use the regional spent hen data to estimate a national
prevalence of SE-positive flocks, the regional results must be weighted by the
proportion of the national flock in each region.  These weights are calculated on
the basis of the 1992 Agriculture Census and are equal to 27%, 33%, 26%, and
14% for the Northern, Southeastern, Central, and Western regions, respectively. 
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Table A-2.  Combined 1991 and 1995 spent hen survey results by
U.S. regions  and percent of U.S. flock in each region .1        2

U.S. Regions Number of flocks Number of flocks Percent of U.S.
sampled SE-positive (%) in flock located in

survey region

Northern 310 163 (52%) 27

Southeastern 92 7 (8%) 33

Central 232 59 (25%) 26

Western 77 18 (23%) 14

Total 711 247 (35%) 100

 1. Adapted from Hogue et al. (1997).
2. Adapted from 1992 Agriculture Census.

For each region in Table A-2, the prevalence of SE-positive flocks is estimated
as a Beta function with parameters of s+1 and n-s+1 -  Beta(s+1, n-s+1), where s
is the number of positive flocks and n is the total number of flocks sampled in
each region.  Regional prevalence is multiplied by the proportion of US flocks in
the region to determine the contribution of each region to the national prevalence
of SE-positive flocks.  The sum of these calculations is the apparent national
prevalence of SE-positive flocks.  Apparent prevalence is an epidemiologic term
which refers to prevalence calculated without adjustments for the sensitivity of
surveillance tests used (Martin et al., 1987).  In our case, the mean apparent
prevalence is calculated as 28%. 

The national prevalence estimate using the spent hen survey data is further
adjusted to account for imperfect surveillance sensitivity.  Higher prevalence
flocks are more likely to be detected than lower prevalence flocks.  Within-flock
prevalence results from the combined 1991 and 1995 national spent hen surveys
are shown in Table A-3.  The most frequent within-flock prevalence detected in
these surveys was 0.33%. Surveillance sensitivity [p (detection | truly positive
flock)] is calculated as 1 - (1-wprev)  where ‘wprev’ is the within-flockn

prevalence and ‘n’ is the number of birds sampled. For a within-flock prevalence
of 0.33% , the surveillance sensitivity of 300 samples is 63%. This result means
that if 100 flocks of hens which all have a within-flock prevalence level of
0.33% were tested according to the spent hen protocol (i.e. 300 samples from
each flock), then 37 flocks (100 flocks × (1-0.63) = 37) would be incorrectly
classified as negative flocks.



Production Module

Page 34

To estimate the surveillance sensitivity of the spent hen surveys, a model based
on the within-flock prevalence results shown in Table A-3 was developed. This
model showed that the sample of 300 hens per flock used in the spent hen
surveys had a sensitivity of 76%.  This finding means that 76% of truly positive
flocks were correctly classified as SE-positive in these surveys, while 24% of
truly positive flocks were incorrectly classified as SE-negative.  This estimate of
sensitivity had a standard deviation of 2.5%.

The true national SE-flock prevalence is calculated by dividing the apparent
national prevalence by 0.76. 

Because the spent hen surveys did not identify flocks by their sizes, SE
prevalence within each size stratum may actually vary over a considerable range. 
At one extreme, all flocks fitting within a certain stratum may have been SE-
positive in these surveys.  At the other extreme, none of the flocks in a stratum
may have been positive, or even sampled.  Therefore, an algorithm was
developed to allow prevalence to range from 0% to 100% within a stratum while
maintaining a constant national prevalence.  This adjustment serves to increase
the uncertainty in estimates of SE flock prevalence.
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Table A-3.  Within-flock prevalence levels based on 1991 and
1995 spent hen survey results.

Number of Number of flocks Freq Within-flock prevalence
positive
samples

1

1 77 31.2% 0.33%
2 39 15.8% 0.67%
3 23 9.3% 1.00%
4 18 7.3% 1.33%
5 9 3.6% 1.67%
6 6 2.4% 2.00%
7 8 3.2% 2.33%
8 7 2.8% 2.67%
9 8 3.2% 3.00%
10 4 1.6% 3.33%
11 6 2.4% 3.67%
12 4 1.6% 4.00%
13 4 1.6% 4.33%
14 2 0.8% 4.67%
15 2 0.8% 5.00%
16 6 2.4% 5.33%
17 1 0.4% 5.67%
18 3 1.2% 6.00%
19 3 1.2% 6.33%
21 2 0.8% 7.00%
22 3 1.2% 7.33%
23 1 0.4% 7.67%
24 1 0.4% 8.00%
25 1 0.4% 8.33%
26 2 0.8% 8.67%
27 2 0.8% 9.00%
28 1 0.4% 9.33%
36 1 0.4% 12.00%
39 1 0.4% 13.00%
42 1 0.4% 14.00%
44 1 0.4% 14.67%

 Within-flock prevalence calculated as number of positive samples divided by1

300 hens sampled.
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Figure A-2

b. Value of the variable:

 On average, we estimate 37% of egg-laying flocks are SE-positive. 

c. Distribution: Beta(267,443)

A Beta distribution is used to estimate the proportion of a population that is
positive when positive/negative sampling data is available.  The formula for this
estimate is Beta (s+1, n-1+1) where s is the number of positive samples and n is
the total number of samples collected (Vose, 1996)

The following histogram shows the distribution of the percent of egg-laying
flocks which are SE-positive flocks.  This graph reflects our uncertainty
regarding true prevalence.  It shows that we estimate with 90% confidence that
the prevalence of SE positive flocks lies between 32% (5  percentile) and 43%th

(95  percentile).th

Mean 37%

Standard
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3%
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2. Frequency of high prevalence flocks

a. Evidence 

As explained earlier, a high prevalence flock is a flock which is SE-positive and
produces SE-positive eggs at a higher rate than the average rate for all SE-
positive flocks. The attribute (or factor) of prevalence among SE-positive flocks
has been dichotomized in this module into high and low levels - i.e., high
prevalence SE-positive flocks produce SE-positive eggs at high rates and low
prevalence SE-positive flocks produce SE-positive eggs at low rates.  This
dichotomy is probably a simplification, as it is possible that a continuum from
low to high prevalence SE-positive flocks exists in the population of all SE-
positive flocks.  It is advantageous to explicitly model at least two levels of SE-
positive flocks based on SE-positive egg frequency so that the relative
contribution of these different levels to the total number of SE-positive eggs
produced per year can be evaluated. 

The frequency of high prevalence SE-positive flocks is a conditional probability
which predicts the proportion of flocks that are in the high prevalence category
given that the flocks are SE-positive. 

There is experimental and field evidence which supports the concept of variable
expression of SE infection in flocks.  Several researchers have experimentally
demonstrated that there are differences between SE strains which make some
strains of SE more capable of causing more severe manifestations of infection
than others - e.g., higher rates of SE-positive eggs -  (Gast et al., 1990; Gast et
al., 1992; Guard-Petter et al., 1993, 1995, 1996, 1997a, 1997b; Gast et al., 1995;
Gast et al., 1996: Thiagarajun et al., 1994).  Other experimental research has
shown that there exist host factors that might influence the severity of SE-
infection (Lindell et al., 1994; Tellez et al., 1994; Qin et al., 1995; Manning et
al., 1994; Phillips et al., 1995; Bumstead et al., 1993).  Unfortunately, very little
research is available concerning flock management or environmental risk factors
which might explain increased severity of SE infection in flocks.  Studies by
Henzler (1992, 1998) have suggested that rodents play a role in the epidemiology
of SE in the environment of egg-laying flocks.  Poor control of rodent
populations may allow greater transmission of SE into and throughout the flock
in a layer house with consequent higher prevalence rates of SE-positive hens. 
Mallinson (1997) has suggested that environmental moisture levels are
associated with Salmonella prevalence in manure drag swabs and on broiler (i.e.
chicken) carcasses.  The relationship of the prevalence of SE-positive hens
within a flock and environmental factors such as temperature, ventilation,
stocking density, caging, and feeding/watering systems are less well studied in
the literature.  

A study by Schlosser et al. (1995) provides one source of field based evidence
regarding high prevalence flocks.  In that study, 43 SE-positive flocks were
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investigated as part of the Pennsylvania Pilot Project.  Eight of the 43 flocks
were characterized as having the highest rates of SE-positive eggs cultured from
them.  These flocks were also SE-positive in  >50% of the environmental
samples collected from them. Because of this apparent correlation between
environmental and egg sampling, the designation of a SE-positive flock as a
‘high prevalence flock’ can be made based on either type of sampling.  In this
same study, 27 of these 43 SE-positive flocks had no SE-positive eggs - i.e. no
SE was cultured from any of the eggs tested.  Such findings provide strong
evidence for low prevalence flocks.

In another field study of SE-positive flocks,  Henzler et al. (1994) showed that
the greatest rate of SE-positive eggs were found in two of four flocks
investigated.  In both of these high prevalence flocks,  >50% of environmental
samples were SE-positive.

Combining the data from Schlosser et al. (1995) and Henzler et al. (1994)
implies that of 47 SE-positive flocks intensively investigated, 10 (21%) could be
characterized as high prevalence flocks.  However, just as with the national
prevalence estimate, we must adjust this percentage by the surveillance
sensitivity of testing used to determine these flocks’ SE-positive status.  In these
two studies,  environmental samples were collected and cultured.  It is reported
that environmental sampling is equivalent to sampling 50 hens’ caeca from a
flock at slaughter (Kingston, 1981).  Therefore, environmental sampling is less
sensitive at detecting positive flocks than the spent hen surveys (which sampled
300 hens). 

A consequence of this lower surveillance sensitivity is that if we determined that
21% of all SE-positive flocks were high prevalence, we would be wrong.  Based
on a sample size of 50 hens, we calculated the sensitivity of environmental
testing as 49%, using the same methodology as explained for the national
prevalence adjustment. This means that 51% of SE-positive flocks would be
incorrectly classified as negative (i.e., false negative) using environmental
testing.  Clearly, the SE-positive flocks incorrectly classified would not include
those characterized as high prevalence flocks, since these flocks - by definition -
are easily detected as positive using environmental testing.  Therefore, the false
negative flocks must be included in those flocks considered low prevalence. 
Consequently, we must reduce the frequency of high prevalence flocks
calculated from Schlosser et al. (1995) and Henzler et al. (1994) by
approximately one-half (i.e., 21% x 49% = 11%).
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Figure A-3

b. Value of the variable:

 On average, we estimate that 11% of SE-positive flocks are high prevalence
flocks. 

c. Distribution: Beta(11,85)

The following histogram shows the distribution of the percent of SE-positive
flocks that are high prevalence flocks.  This graph reflects our uncertainty of the
fraction of positive flocks that are high prevalence flocks.  It can be seen from
this graph that we are 90% confident that the true value for this variable lies
between 6% (5  percentile) and 17% (95  percentile).th    th
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3. Frequency of SE-positive molted flocks

a. Evidence

Molting is a process used in commercial egg flocks to extend the period of egg
production by rejuvenating the reproductive systems of hens.  Flocks that are not
molted typically only lay eggs for one year.  Molting is the shedding of feathers
followed by growth of new feathers.  Layers that molt also cease egg production
during the molt period.  In commercial flocks, molting is induced by the
restriction of light and feed.  This process provides the necessary stimulus to
urge the hens in a flock to undergo a molt.  This period usually averages about 4
weeks during which the flock is essentially non-productive.  Once molting is
complete the birds are stimulated - primarily by light - to begin laying again. 
Although slightly fewer eggs are produced after molt, these eggs tend to be
larger than eggs produced before molt.  

There is epidemiologic evidence which associates molting with higher
prevalence of SE in flocks.  Molted SE-positive flocks also seem to produce SE-
positive eggs more frequently than their non-molted counterparts. 
Experimentally, Holt et al. (1996,1995,1994,1993,1992) have demonstrated that
molting is associated with increased numbers of SE in hens’ intestinal tracts, and
higher rates of SE-positive eggs are produced following molt.  Schlosser et al.
(1995) demonstrated similar results in a field study during the Pennsylvania Pilot
Project. In that study, molted flocks produced SE-positive eggs twice as
frequently as non-molted flocks for a period up to 140 days following molt. 

The frequency distribution for SE-positive molted flocks is derived from
statistics reported by the USDA - National Agricultural Statistics Service
(USDA-NASS).  These statistics state that approximately 22% of flocks in egg
production - at any time of the year - are flocks that have molted. 
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Figure A-4

b. Value of the variable: 

On average, we estimate that 22% of flocks producing eggs on any given day are
flocks that were previously molted.

c. Distribution:   Pert(19%,22%,24%)

The following histogram shows the distribution for the frequency of molted
flocks variable.  This graph reflects our uncertainty regarding the fraction of SE-
positive flocks that were previously molted.  It can be seen from this graph that
we are 90% confident that the true value for this variable lies between 20% (5th

percentile) and 23% (95  percentile).th

Mean 22%

Standard
deviation

0.9%

5th

percentile
20%

95th

percentile
23%



Production Module

Page 42

4. Number of days of increased frequency of SE-positive eggs post-molt

a. Evidence

SE-positive flocks that are molted do not perpetually produce SE-positive eggs
more frequently than flocks that are not molted.  Instead, there appears to be a
period immediately after molt when these flocks are at higher risk of producing
more positive eggs. 

The frequency distribution for ‘number of days of increased frequency of SE-
positive eggs post-molt’ is based on the data from the Pennsylvania Pilot Project
(Schlosser et al, 1995). In that study, SE-positive molted flocks were sampled
from 0 to 20 weeks (140 days) post-molt.  During this time period, these molted
flocks produced nearly twice as many SE-positive eggs as similarly studied SE-
positive flocks that were not molted. 

b. Value of the variable:

On average, we estimate that SE-positive flocks will produce more positive eggs
during the first 70 days following molt.
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Figure A-5

c. Distribution: Uniform(0,140 days)

A uniform distribution is used to model variables for which only a minimum and
maximum value are available.  The available evidence shows that flocks were
between 0 (minimum) and 20 weeks (maximum) post-molt when they produced
eggs at higher frequencies

The following histogram shows the frequency distribution for the number of
days post-molt when SE-positive eggs are produced more frequently.  This graph
reflects the variability in this value for individual SE-positive molted flocks.  It
can be seen from this graph that 90% of such flocks will experience between 7
days (5  percentile) and 133 days (95  percentile) of increased SE-positive eggsth     th

following their molt. 
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5. Eggs per flock per day

a. Evidence

To estimate eggs produced per flock per day, we begin with the 1992 U.S.
Agriculture Census data used to determine the number of flocks by size strata
(Table A-1 on page 31).  For each stratum, the average number of hens per flock
is calculated as the total number of commercial laying hens, divided by the
number of flocks,  in the stratum.  For example, the 1992 U.S. Agriculture
Census reports the 10,000-19,000 flock size stratum comprised 21.7 million hens
and  1892 flocks.  Therefore, the average flock in this stratum consisted of
11,470 hens (21.7 million / 1892).  Similar calculations for the 20-49K, 50-99K,
and >100K flock size strata resulted in average flock sizes of 27,222, 68,691,
and 110,00 hens per flock, respectively.  The average flock size across all four
strata is 50,154 hens per flock.

We assume the average hen in a flock produces 0.72 eggs per day (i.e., she will
produce 72 eggs during a 100 day period).  This average daily egg production
was based on a published egg production curve (Rahn, 1977), which was
adjusted for improved egg production - using annual USDA-NASS statistics -
since that curve was derived.

b. Value of the variable

: The model assumes there are 5028 flocks in the U.S. (Table 1, page 2).  The
average flock size is 50,154 hens per flock.  Each hen produces 72 eggs per 100
days.  Therefore, the average flock produces 13 million eggs per year. 
Furthermore, the model predicts an average of 65 billion eggs produced per year
(i.e., 5028 flocks x 50,154 hens/flock x 0.72 eggs/day x 365 days).  This annual
production estimate is consistent with 1995-1996 statistics published by USDA-
NASS.

c. Distribution: Eggs produced per day is a constant in the model.  
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6. Frequency of SE-positive eggs in high prevalence, SE-positive / not molted flocks

a. Evidence

As was discussed earlier, SE-positive flocks which are molted appear to produce
more SE-positive eggs. For this reason,  a distinction is made between SE-
positive flocks which are molted and SE-positive flocks which are not molted.

Egg culturing results from the eight flocks identified as high prevalence, SE-
positive flocks in the Pennsylvania Pilot Project (Schlosser et al., 1995) are
incorporated into this estimate (see pp. 37).  Of 113,000 eggs collected from
these flocks, 56 were found SE-positive.  These flocks had the greatest average
SE-positive egg frequency of the 43 flocks uniformly studied.  The ages of flocks
in this cohort ranged from 20 weeks to 72 weeks old.  None of these flocks were
molted. 

Egg sampling results from two flocks identified through traceback procedures
from human SE outbreaks showed that 41 of 15,980 eggs collected were SE-
positive (Henzler, et al., 1994). These two flocks demonstrated particularly high
rates of SE-positive eggs and SE-positive environmental samples, and for this
reason meet the definition of high prevalence, SE-positive flocks.

Egg culture results from 8 flocks in California which were SE-positive with
phage type 4 variety of SE (Kinde et al., 1996) are similar to the other results for
high prevalence, SE-positive / not molted flocks.  Of 85,360 eggs collected from
these flocks, 58 eggs were SE-positive. 

From egg sampling completed in these three studies, we find that a total of
214,340 eggs have been sampled from flocks we would characterize as high
prevalence/not molted.  From these samples, 155 eggs were found SE-positive. 
Therefore, these results suggest that high prevalence/not molted flocks produce 7
SE-positive eggs in every 10,000 eggs they lay (i.e., 155/214,340 = 0.07%).  This
rate is equivalent to 1 SE-positive egg in every 1383 eggs produced, or 2 SE-
positive eggs in every 2766 eggs produced.  We use the latter estimate to form
our distribution for this variable.

b. Value of the variable:

On average, we estimate that high prevalence / not molted flocks will produce 7
SE-positive eggs in every 10,000 eggs they produce. 
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Figure A-6

c. Distribution: Gamma(2,(2766) )-1

The gamma distribution is used to estimate low frequency events (Vose, 1996). 
The formula for this estimate is gamma (s, 1/n), where s is the number of
positive samples and n is the total number of samples collected.  Because the egg
sampling results we used were from just a few flocks, we wanted to model our
estimate of positive egg frequency with the greatest degree of uncertainty
possible based on the available evidence.  Setting s equal to 2 and proportionally
adjusting n provides the greatest variance for a gamma distribution variable. 

The following histogram shows the distribution for the frequency of SE-positive
eggs in high prevalence / not molted flocks.  This graph reflects our uncertainty
regarding the fraction of eggs produced by high prevalence / not molted flocks
that are SE-positive.  It can be seen from this graph that we are 90% confident
that this frequency is between 1 SE-positive egg in every 10,000 eggs produced 
(5  percentile) and 17 SE-positive eggs in every 10,000 produced (95th          th

percentile).  These percentile values are equivalent to 0.01% (5  percentile) andth

0.17% (95  percentile).th
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7. Frequency of SE-positive eggs in high prevalence, SE-positive / molted flocks  

a. Evidence

The frequency at which SE-positive eggs are produced by high prevalence, SE-
positive / molted flocks is used to calculate the number of SE-positive eggs
produced by high prevalence, SE-positive flocks during the high risk period
following molt (as explained on pp. 42).  For flocks in this category, the rate of
SE-positive eggs during other times of the egg production year is modeled in the
same way as for high prevalence, SE-positive / not molted flocks.

The distribution for the frequency of SE-positive eggs in high prevalence, SE-
positive / molted flocks is calculated using analysis of the data from the
Pennsylvania Pilot Project (Schlosser et al., 1995).  In that analysis, the
aggregate frequency of SE-positive eggs was compared for flocks that were in
egg production during the 20-week time frame before molting and for flocks that
were in egg production during the 20-week time frame after molting.  This
approach controlled for confounding variables in the data due to the effect of the
age of the hen. Based on these findings, it appears that the average effect of
molting is to double the frequency of SE-positive eggs in SE-positive flocks after
the molting process.

Data Source s n
Number of SE-positive
eggs per 10,000 eggs

Schlosser et al., 1995
Post-molt (0-20 wks) 31 74,000 4.2
Pre-molt (0-20 wks) 14 67,000 2.1

s = the number of SE-positive eggs
n = the number of eggs sampled in high prevalence, SE-positive / molted or not
molted flocks 

The frequency of SE-positive eggs in high prevalence, SE-positive / molted
flocks was modeled by adjusting the frequency calculated for high prevalence,
SE-positive / not molted flocks.  The adjustment is based on a risk ratio
developed from the data of the Pennsylvania Pilot Project.  The risk ratio
associated with molting equals the frequency of SE-positive eggs detected in
post-molt flocks, divided by the frequency of SE-positive eggs detected in pre-
molt flocks. 

Multiplying the positive egg frequency for high prevalence / not molted flocks
(i.e., 0.07%) by the relative risk associated with molting (i.e., 2) equals 0.14%. 
Therefore, applying the effect of molting to high prevalence flocks implies that
these flocks produce 14 SE-positive eggs per 10,000 eggs they lay during the
high risk period following molt.  Alternatively, this estimate equals 1 SE-positive
egg in every 714 eggs produced, or 2 SE-positive eggs in every 1429 eggs
produced.  We use this latter estimate to form our distribution for this variable.
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Figure A-7

b. Value of the variable: 

On average, we estimate that high prevalence / molted flocks produce 14
(0.14%) SE-positive eggs in every 10,000 eggs they lay during the high risk post-
molt period (which averages about 70 days).  To validate this estimate, we
analyzed data from 13 SE-positive flocks that were molted during the
Pennsylvania Pilot Project.  There were four flocks with above average
frequencies of SE-positive eggs which we classified as high prevalence / molted. 
The remaining nine flocks were classified as low prevalence / molted.  We found
that 76 (0.167%) of 46,000 eggs cultured from the four high prevalence flocks
were SE-positive for a rate of 16.7 SE-positive eggs per 10,000 eggs.  This result
closely compares to the mean frequency of SE-positive eggs (0.14% or 14 SE-
positive eggs per 10,000 eggs) which was calculated using the methods outlined
above.

c. Distribution: Gamma(2,(1429) )-1

The following histogram shows the distribution for the frequency of SE-positive
eggs in high prevalence / molted flocks.  This graph reflects our uncertainty
regarding the fraction of eggs produced by high prevalence / molted flocks that
are SE-positive.  It can be seen from this graph that we are 90% confident that
this frequency is between 2 SE-positive eggs in every 10,000 eggs produced (5th

percentile) and 41 SE-positive eggs in every 10,000 produced (95  percentile).  th

These percentile values are equivalent to 0.02% (5  percentile) and 0.41% (95th    th

percentile).

Mean 0.16%

Standard
deviation

0.13%

5th

percentile
0.02%

95th
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8. Frequency of SE-positive eggs in low prevalence, SE-positive / not molted flocks

a. Evidence

Just as the available evidence supports the existence of high prevalence, SE-
positive flocks, such evidence also supports the concept that a greater proportion
of SE-positive flocks are low prevalence, SE-positive flocks.

The frequency of SE-positive eggs in low prevalence, SE-positive / not molted
flocks is calculated using the following data:

Data Sources
s n Frequency of SE-positive

eggs per 10,000 eggs
Schlosser et al., 1995 22 381,000 0.6
Henzler et al, 1994 2 10,140 2.0
s = the number of SE-positive eggs
n = the number of eggs sampled in SE-positive, low prevalence/not molted
flocks.

The data from 43 unmolted flocks in the Pennsylvania Pilot Project cited
previously (Schlosser et al., 1995) was used to determine the frequency of SE-
positive eggs in low prevalence, SE-positive flocks.  Those SE-positive flocks
not classified as high prevalence (n=8) in that study were classified as low
prevalence (n=35), and the aggregate egg culture results from the low
prevalence, SE-positive flocks are represented in the table above.  In a study by
Henzler et al., (1994) of four flocks, two flocks showed low frequencies of SE-
positive egg cultures and SE-positive environmental samples.  Combining the
results of these two studies, we find that 24 SE-positive eggs were detected in
391,140 eggs sampled from low prevalence / not molted flocks.  

Therefore, these results suggest that low prevalence / not molted flocks produce
6 SE-positive eggs in every 100,000 eggs they lay.  However, this estimate only
applies to flocks that were found SE-positive using environmental testing since
flocks in these studies were detected using environmental sampling.  Because
within-flock prevalence levels in low prevalence, SE-positive flocks can be very
low, it is not reasonable to apply a frequency of SE-positive eggs which is
derived from data collected in flocks found to be SE-positive on the basis of
environmental testing.  We expect there are SE-positive flocks that would not be
detected using environmental testing (i.e., false negative flocks), but would be
producing SE-positive eggs.  However, these false negative flocks would not be
expected to produce SE-positive eggs at a lower frequency than flocks whose
level of infection was sufficient to be detected via environmental sampling.

In the national spent hen surveys, nearly 50% of the SE-positive flocks detected
had within-flock prevalence levels between 0.33% and 0.66% (Table A-2, page
32).  Within-flock prevalence measures the proportion of hens that have SE in
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their intestinal tract.  However, infected hens typically produce SE-positive eggs
only during the first week of their four week infection (Leslie, 1996).  In other
words, one-quarter of infected hens at any given time are capable of producing
SE positive eggs.  Furthermore, it is estimated that a positive hen in her first
week of infection only produces SE-positive eggs 8% of the time during that
week (Leslie, 1996). 

A within-flock prevalence of 0.33% means that 33 hens are SE-positive in a
flock of 10,000 hens.  One-quarter of these hens  - or eight hens in a flock of
10,000 -  are assumed to be in their first week of infection.  These eight hens will
produce 3 SE-positive eggs in one week (8 hens x 7 days x 0.72 eggs/day x 8%
SE-positive eggs).  The flock of 10,000 hens will produce a total of 50,400 eggs
in a week (10,000 hens x 7 days x 0.72 eggs/day).  Therefore, we estimate that
an SE-positive egg frequency of approximately 0.005% (i.e. 3 / 50,400))
corresponds to a within-flock prevalence of 0.33%.  For a within-flock
prevalence of 0.66%, the corresponding positive egg frequency is 0.0096% (i.e.
9.6 SE-positive eggs per 100,000 eggs).  These frequencies of SE-positive eggs
closely agree with the mean frequency of SE-positive eggs (0.006% or 6 SE-
positive eggs per 100,000 eggs produced) developed from the data in the table
above.  Therefore, these findings support using a frequency of 6 SE-positive
eggs per 100,000 eggs produced in flocks detected via environmental testing or
the spent hen survey methods.  However, these findings also support the need to
develop another frequency distribution for SE-positive eggs which applies to
flocks whose within-flock prevalence levels are below the detection threshold of
the spent hen surveys.

Low prevalence, SE-positive flocks are further subdivided into two categories.
Category 1 low prevalence, SE-positive flocks are those low prevalence, SE-
positive flocks found to be SE-positive through the national spent hen surveys.
Category 2 low prevalence, SE-positive flocks are those low prevalence, SE-
positive flocks which were not detected by the spent hen surveys. 

To determine the frequency of SE-positive eggs for Category 2 low prevalence
flocks, the within-flock prevalence levels of SE-positive hens for flocks not
detected to be SE-positive flocks by the spent hen surveys must first be
determined. Bayes theorem is used to calculate P( prev | test-), which is a
mathematical expression which states ‘the probability of the within-flock
prevalence of SE-positive hens given that the flocks tested SE-negative in the
spent hen surveys’.  Bayes theorem states;

P( prev | test - ) = P( test - | prev) * P ( prev) / �[P( test -  | prev) * P( prev)]

The probability of a flock testing SE-negative given different within-flock
prevalence levels - i.e. P( test -  | prev) - was calculated by determining the
probability of no SE-positive results in a sample of 300 hens when a flock had a
within-flock prevalence which ranged from 0.001% to 1% (i.e. 1 SE-positive hen
per 100,000 hens to 1 SE-positive hen per 100 hens).  The probability of
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different within-flock prevalence levels - i.e. P(prev) - was determined by fitting
a distribution to the national spent hen data.  From our calculations of                       
P( prev | test - ), we developed a distribution for SE-positive eggs by assuming that
one-fourth of positive hens in a flock were at risk of producing SE-positive eggs,
and these at-risk hens produced positive eggs 8% of the time (i.e., as we
estimated above).  This analysis estimated that the average Category 2 low
prevalence / not molted flock produced 5 SE-positive eggs in every 1 million
eggs they laid.  

b. Value of the variable: 

(1) Frequency of SE-positive eggs in Category 1 low prevalence, SE-
positive / not molted flocks.

On average, we estimate that Category 1 low prevalence / not molted
flocks produce 6 SE-positive eggs in every 100,000 eggs they lay.  

(2) Frequency of SE-positive eggs in Category 2 low prevalence, SE-
positive / not molted flocks.

On average, we estimate that Category 2 low prevalence / not molted
flocks produce 5 SE-positive eggs in every 1 million eggs they lay.
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Figure A-8 

c. Distribution:

(1) Category 1: Gamma(2,(33,333) )-1

The following histogram shows the distribution for the frequency of SE-
positive eggs in Category 1 low prevalence / not molted flocks.  This
graph reflects our uncertainty regarding the fraction of eggs produced by
Category 1 low prevalence / not molted flocks that are SE-positive.  It
can be seen from this graph that we are 90% confident that this
frequency is between 1 SE-positive egg in every 100,000 eggs produced
(5  percentile) and 14 SE-positive eggs in every 100,000 produced (95th          th

percentile).  These percentile values are equivalent to 0.001% (5th

percentile) and 0.014% (95  percentile).th
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Figure A-9

(2) Category 2: Cumulative(0%,0.06%,0.00001%::0.01%,0.04::0.99) 

This distribution is defined such that the minimum value is zero, and the
maximum value is 6 per 10,000 (0.06%).  Furthermore, the distribution
is based on a range of values extending from 1 in 10 million (0.00001%)
to 1 in 10,000 (0.01%), which occur with cumulative probabilities
beginning with 0.04 and ending with 0.99.  These cumulative
probabilities ensure that extreme values (i.e., maximum and minimum)
only occur about 5% of the time.

The following histogram shows the distribution for the frequency of SE-
positive eggs in Category 2 low prevalence / not molted flocks.  This
graph reflects our uncertainty regarding the fraction of eggs produced by
Category 2 low prevalence / not molted flocks that are SE-positive.  It
can be seen from this graph that we are 90% confident that this
frequency is between 1 SE-positive egg in every 1 million eggs produced
(5  percentile) and 2 SE-positive eggs in every 100,000 produced (95th          th

percentile).  These percentile values are equivalent to 0.0001% (5th

percentile) and 0.002% (95  percentile).th
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9. Frequency of SE-positive eggs in low prevalence, SE-positive / molted flocks

a. Evidence

The frequency at which SE-positive eggs are produced by low prevalence, SE-
positive / molted flocks is used to calculate the number of SE-positive eggs
produced by low prevalence, SE-positive flocks during the time period following
the molting process of the hens when the rate of SE-positive eggs increases.  For
flocks in this category, the frequency of SE-positive eggs during the remainder
of the year, when the flock is not molting, is modeled in the same way as for low
prevalence, SE-positive / not molted flocks.

The frequency of SE-positive eggs in low prevalence, SE-positive / molted
flocks is calculated by adjusting the frequency of SE-positive eggs of low
prevalence, SE-positive / not molted flocks.  This method uses the same data for
molted flocks as was presented for the frequency of SE-positive egg from high
prevalence, SE-positive / molted flocks (pp. 48).

Value of the variable: 

(1) Frequency of SE-positive eggs in Category 1 low prevalence, SE-
positive / molted flocks.

On average, we estimate Category 1 low prevalence / molted flocks
produce 1.3 SE-positive eggs in every 10,000 eggs they lay.  This
frequency is essentially twice the frequency we estimated for Category 1
low prevalence / not molted flocks.

Analysis of the data from the 13 molted flocks in the Pennsylvania Pilot
Project validates our estimate of the frequency of SE-positive eggs for
low prevalence, SE-positive / molted flocks.  By classifying the nine SE-
positive flocks with below-average frequencies of SE- positive eggs as
low prevalence, SE-positive flocks, it was found that 16 eggs (0.019%)
of 83,000 eggs cultured from this cohort of nine flocks were SE-positive
eggs.  This result closely compares to the mean positive egg frequency
(0.013%) calculated for Category 1 - low prevalence, SE-positive /
molted flocks.  

(2) Frequency of SE-positive eggs in Category 2 low prevalence, SE-
positive / molted flocks.

On average, we estimate that Category 2 low prevalence / molted flocks
produce 1 SE-positive egg in every 100,000 eggs they lay.  Again, this is
essentially double the rate estimated for Category 2 flocks that were not
molted.
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Figure A-10

b. Distribution of the variable: 

(1)  Category 1: Gamma(2,(16,500) )-1

The following histogram shows the distribution for the frequency of SE-
positive eggs in Category 1 low prevalence / molted flocks.  This graph
reflects our uncertainty regarding the fraction of eggs produced by
Category 1 low prevalence / molted flocks that are SE-positive.  It can be
seen from this graph that we are 90% confident that this frequency is 
between 1 SE-positive egg in every 100,000 eggs produced (5th

percentile) and 3 SE-positive egg in every 10,000 produced (95th

percentile).  These percentile values are equivalent to 0.001% (5th

percentile) and 0.03% (95  percentile).th
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Figure A-11

(2) Category 2:  Cumulative distribution for Category 2 not molted flocks
times the relative risk of molting (approximately 2).

The following histogram shows the distribution for the frequency of SE-
positive eggs in Category 2 low prevalence / molted flocks.  This graph
reflects our uncertainty regarding the fraction of eggs produced by
Category 2 low prevalence / molted flocks that are SE-positive.  It can be
seen from this graph that we are 90% confident that this frequency is
between 1 SE-positive egg in every 1 million eggs produced (5th

percentile) and 5 SE-positive eggs in every 100,000 produced (95th

percentile).  These percentile values are equivalent to 0.0001% (5th

percentile) and 0.005% (95  percentile). th
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10. Destination of SE-positive eggs post-production

The physical distribution of SE-positive eggs to plants for further processing as shell
eggs or into liquid egg products after egg production determines the total number SE-
positive eggs which will be modeled in the Shell Egg Processing/Distribution module
and the Egg Products Processing/Distribution module.  These modules - Shell Egg
Processing/Distribution module and Egg Products Processing/Distribution module -
actually simulate the growth of SE in a single egg. 

The likelihood that any egg is distributed to the shell egg processor or to the egg
products processor is based on USDA-NASS and Agricultural Marketing Service (AMS)
statistics.   Every year 76.1% of all eggs are marketed through shell egg processing,
while 23.9% of all eggs are marketed through egg products.  After processing and
grading,  5% of all shell eggs are determined to be restricted eggs because these eggs
have checks (i.e. cracks in the shell detected during candling of the egg) in the shell or
are dirty, and these restricted eggs are diverted to plants which make egg products. 
However, 10% of restricted eggs are determined to be inedible, and these inedible eggs
are either destroyed or labeled and handled as either for animal food or for industrial use.

We calculate the number of SE-positive eggs per year that are destined for egg products
and shell egg markets based on the following percentages.

Shell eggs  72.3%

Egg Products 23.9%

Shell eggs diverted to egg products   3.4%

Inedible eggs   0.4%

======

 100%
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D. Output of Production Module

The output of the production module consists of;

1) the number of SE-positive eggs produced annually by commercial U.S. layer flocks (which are
divided into four different types of flocks), 

2 ) the percent of SE-positive eggs in all eggs produced annually by these four different types of
flocks, and

3) the number of SE-positive eggs distributed to the processors of shell eggs for distribution and
to the processors of egg products for distribution.  

To calculate these outputs, the module first calculates the number of SE-positive flocks, then
categorizes these SE-positive flocks by prevalence (i.e., high or low) and molting status.  For
each of the four types of flocks, the module calculates the annual number of eggs produced, then
applies the appropriate frequency of SE-positive eggs for the type of flock in order to calculate
the number of SE-positive eggs produced per annum by each flock type and by all flock types
together.  The module outputs also include the number of SE-positive flocks, the number of high
prevalence SE-positive flocks, the number of high prevalence SE-positive /molted flocks, the
number of SE-positive eggs produced per year by high prevalence SE-positive / molted flocks,
etc.

To calculate total eggs produced by one of the four types of SE-positive flocks (e.g., high
prevalence, SE-positive / not molted flock), the daily egg production of each of the four types of
SE-positive flocks is multiplied by the number of days each type of flock is in production.  This
product is then multiplied by the number of flocks of each type.  This calculation is done for each
size stratum within each of the four types of SE-positive flock.  

The number of SE-positive eggs produced by each of the four types of SE-positive flocks is
calculated as Normal( n�, (�n) ) distribution, where n is the number of eggs produced per year1/2

by a specific SE-positive flock type, and � is the frequency of SE-positive eggs of each type of
flock.  The Central Limit Theorem states that the sum of a group of random variables will have a
Normal( n�,�n ) distribution, where n is the number of random variables in the group and � and1/2

� are the mean and standard deviation of the variables.  In this case, n is the number of eggs
produced per year and each egg has some likelihood of being an SE-positive egg based on the
frequency of SE-positive eggs associated with the type of flock that produced the egg.

From the total number of SE-positive eggs, the number of SE-positive eggs sent to shell egg
processors/distributors and to egg products processors/distributors is calculated.  Also calculated
are the number of SE-positive eggs initially sent to shell egg processing/distribution, but later
diverted to egg products processing/distribution.  Finally, the number of SE-positive eggs which
are treated as inedible is calculated.  Inedible eggs are not considered further in the model.

The following histogram depicts the distribution for the total number of SE-positive eggs
produced per year, as predicted by the Production module.  On average, we estimate that about
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Figure A-12

3.3 million SE-positive eggs are produced from the 65 billion eggs laid per year.  It can be seen
from this graph that we are 90% confident that the total number of SE-positive eggs produced per
year is between 974,303 (5  percentile) and 7,386,495 (95  percentile).  th    th
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Figure A-13

The following histogram depicts the distribution for the overall frequency of SE-positive eggs
produced per year in the U.S.  Overall frequency of SE-positive eggs is calculated by dividing the
total number of SE-positive eggs produced per year (on average, 3.3 million) by the total number
of eggs produced per year (on average, 65 billion).  We estimate there is an average of 5 SE-
positive eggs produced per 100,000 eggs laid by U.S. hens.  It can be seen from this histogram
that we are 90% confident that the frequency of SE-positive eggs produced per year is between 1
SE-positive egg per 100,000 eggs produced (5  percentile) and 11 SE-positive eggs per 100,000th

eggs produced (95  percentile). These percentile values are equivalent to 0.001% (5  percentile)th         th

and 0.011% (95  percentile).  th
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Table A-4.  Mean percentage contribution to total SE-positive eggs by
type of SE-positive flocks and by stratum within a type of flock

Type of Flock Total 10-19K 20-49K 50-99K >100K
hens per hens per hens per hens per
Flock Flock Flock Flock

High prevalence, SE-+ / molted 15.44% 1.28% 1.79% 2.26% 10.12%
High prevalence, SE-+ / not 50.94% 4.43% 6.34% 7.15% 33.02%
molted
Low prevalence, SE-+ / molted  Cat. 1 7.49% 0.64% 0.91% 1.05% 4.88%

Cat. 2 0.25% 0.02% 0.03% 0.04% 0.17%
Low prevalence, SE-+ / not molted Cat. 1 25.02% 2.15% 3.03% 3.52% 16.31%

Cat. 2 0.85% 0.07% 0.10% 0.12% 0.55%
100%

The results depicted in Table A-4 above demonstrate the relative contribution of each of the four
types of SE-positive flocks to the total number of SE-positive eggs produced per year in the
production module. The percentage attributed to each of the four types of SE-positive flocks by
the production module is located in the column labeled ‘Total’. Note that two of the types of
flocks are each further subdivided into two categories, as discussed earlier in the text. The
contribution of each of the four types of SE-positive flocks to the total production of SE-positive
eggs based on the size of a flock (i.e. stratum) is shown in the four columns on the right hand
side of Table A-4.  

High prevalence, SE-positive / not molted flocks produce a slight majority of the positive eggs
(50.9%).  On average, 11% of SE-positive flocks are high prevalence flocks.  Furthermore, an
average of 22% of these high prevalence flocks are molted.  Therefore, only 9% of all SE-
positive flocks are high prevalence / not molted flocks.  Yet, these flocks are estimated to
produced over one-half the SE-positive eggs per year.  

On average, high prevalence flocks are responsible for about two-thirds of all positive eggs  (i.e.
15.44% + 50.94%).  Low prevalence flocks account for the remaining one-third.  However,
Category 2 low prevalence flocks’ contribution to total SE-positive eggs per year is minimal. 
Molted flocks contribute roughly one-quarter of all positive eggs (i.e 15.44% + 7.49%).  This
proportion is essentially the same as the proportion of SE positive flocks that are molted.  By
flock size strata, the largest stratum (i.e. �100,000 hens per flock) contributes almost two-thirds
of the positive eggs (i.e. 10% + 33% + 4.8% + 16%), while the remaining one-third of positive
eggs are distributed among the other three strata in nearly equivalent proportions.
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Table A-5.  Number of SE-positive eggs per year distributed to shell
egg and egg products markets. 

Marketing option

Number of SE-positive eggs/year

Mean 5 95th

percentile percentile

th

Direct to shell egg processing 2,242,526 704,373 5,340,066
Diverted from shell egg market to egg products 106,225 33,365 252,950
Inedible eggs 11,803 3,707 28,106
Direct to egg products processing 741,356 232,859 1,765,372

Table A-5 demonstrates the distribution of SE-positive eggs to shell egg processing and egg
products processing predicted by the Production module.  On average, we estimate that 2.2
million SE-positive eggs per year are processed and distributed as shell eggs.  Furthermore, we
estimate that an average of 847,581 SE-positive eggs (741,356 + 106,225) per year are processed
and distributed as egg products.  We estimate that about 11,803 SE-positive eggs are disposed of
as inedible before further processing.  For all eggs produced per year (65 billion), 47 billion are
processed and distributed as shell eggs, 18 billion are processed and distributed as egg products,
and 0.26 billion are inedible. 

E. Module Validation

A comparison of the output distribution of SE-positive eggs from the production module with a
distribution of SE-positive eggs developed from survey data provided by the California
Department of Food and Agriculture (CDFA) (Ian Gardner, personal communication) shows
good correspondence.  A random survey conducted in California found 1 SE-positive pooled egg
sample in 1416 pooled egg samples, where 20 eggs were pooled per sample.  This result is
equivalent to finding 1 SE-positive egg in 28,320 eggs.  Applying our methodology to this data
results in a Gamma (2,(14,160) ) distribution with a mean of 0.35 SE-positive eggs per 10,000-1

eggs.  Because eggs in this survey were sampled without knowledge of the SE status of the flock,
this distribution is applicable to all eggs produced per year.

To compare the survey findings of the CDFA to the production module’s predictions, the
national prevalence of SE-positive flocks used in the production module was adjusted to only
reflect the results of the national spent hen surveys from the Western region.  Because the
production module is designed to model national levels, this adjustment is necessary to compare
California’s data to the production module results.  California is the largest egg producing state
in the U.S.. Therefore, data generated from that state is reasonably expected to reflect the
Western U.S..  For the sake of simplicity, the prevalence of SE-positive flocks in the western
region was applied to all U.S. flocks, and the distribution for total number of SE-positive eggs
produced per year is demonstrated.  Figure A-14 compares the two distributions (one based on
the data from CDFA and one based on the production module).  Figure A-14 shows that the
output of the production module is very similar to the distribution of SE-positive eggs
independently derived from the CDFA data.  This CDFA data was not used in the development
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Figure A-14

of the production module. Therefore, this comparison of the CDFA data and the production
module output is a demonstration of this module’s validity.  The actual numbers of SE-positive
eggs predicted by the production module are not relevant to this discussion.  Instead, the
intention of the Figure A-14 is to demonstrate the robustness of the production module.  Such
agreement is reassuring.  The mean frequencies of SE-positive eggs among all eggs produced for
the California data and the production module are 0.35 per 10,000 eggs and 0.5 per 10,000 eggs,
respectively.  These frequencies predict the mean numbers of SE-positive eggs per year of 2.2
million SE-positive eggs from the California validation output and 2.7 million SE-positive eggs
from the output of the production module.
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F. Sensitivity Analysis 

A sensitivity analysis of the production module was completed to determine the degree to which
the input variables were correlated with this module’s output.  When an input variable is highly
correlated with the output variable, it is expected that adjustments in the input distribution will
result in substantial changes in the output distribution and may be a control point for
intervention. 

This sensitivity analysis examined the degree to which input variables were correlated with the
total number of SE-positive eggs produced per year in the U.S.  All input variables were
evaluated.  Specifically, these input variables included;

� Prevalence of SE-positive flocks

� Frequency of high prevalence flocks

� Frequency of molted flocks

� Days of high risk post-molt

� Positive egg frequency variables for high/low prevalence, molted/not molted flocks.

Our sensitivity analysis of the production module indicates the following variables are most
correlated with the number of SE-positive eggs produced per year (Table 6):

- positive egg frequency in unmolted high and low prevalence flocks,

- frequency of SE-positive flocks (especially in the largest flocks),

- frequency of high prevalence flocks.

Because high prevalence flocks contribute a disproportionately large number of positive eggs to
the total SE-positive eggs per year (as demonstrated in Table A-4, see page 63), it is not
surprising that variables that serve to estimate the role of high prevalence flocks should be
correlated with the output of the production module.  For example, when the module predicts a
lower than average percent of flocks are high prevalence flocks, the total number of SE-positive
eggs per year calculated by the module is reduced.  Similarly, when the module predicts a lower
than average frequency of SE-positive eggs in high prevalence flocks, total positive eggs per year
declines.  

Because molted flocks only contribute a proportional number of positive eggs to the total SE-
positive eggs per year (Table A-4, see page 63), the variables associated with molting are not
correlated with the output of the production module.  Such results are somewhat surprising given
the much higher frequencies at which molted flocks produce SE-positive eggs.  However, these
flocks experience high positive egg frequencies for a limited time - typically 70 days in the
module.  Furthermore, molted flocks do not produce any eggs for an average of 30 days because
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they cease production during molt.  Consequently, when the frequency of molted flocks, or the
positive egg frequencies in molted flocks, is varied in the module, there is less effect on the
predicted total number of SE-positive eggs per year than other variables. 

Strategies to mitigate the likelihood of SE-positive eggs at the production level include
mechanisms to prevent the entry of SE into commercial flocks, remove SE from the poultry
house environment, and reduce within-flock transmission.  Effects of these strategies can be
incorporated into the production module through the variables listed above.  For example,
mechanisms to prevent entry of SE into flocks include the testing of replacement pullets before
the introduction of replacement pullets into the layer house, using SE-free feedstuffs, and other
biosecurity practices.  These mechanisms could be modeled through their reduction in the
frequency of SE-positive flocks.  Similarly, the effect of improved rodent control on reducing an
important reservoir of SE in poultry environments could be modeled as a reduction in frequency
of SE-positive flocks.  Improved rodent control might also reduce within-flock transmission of
SE, thereby causing a reduction in the frequency of high prevalence flocks.

Table A-6.       Correlation between input variables and SE-positive eggs
produced/year.

Name of input variable  Correlation
Coefficient

Positive egg frequency in high prevalence, SE-positive / not molted flocks 0.62
Prevalence of SE-positive flocks in  >100K hens per flock size stratum 0.54
Positive egg frequency in low prevalence, SE-positive / not molted flocks - Cat. 1 0.34
Frequency of high prevalence, SE-positive flocks 0.26
Apparent SE-positive flock prevalence in >100K flock size stratum 0.24
Apparent SE-positive flock prevalence calculated from spent hen surveys 0.10
Sensitivity of environmental testing 0.09
Days of high risk post-molt 0.08
SE-positive egg frequency in high prevalence, SE-positive / molted flocks 0.06
Apparent within-flock prevalence for test-negative flocks 0.03
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G. Production Module Limitations

The limitations of the production module stem from the data used to estimate its variables and
the scope of the risk assessment.

Data used to estimate the frequency of high/low prevalence flocks was generated from a large
industry-government project conducted in Pennsylvania (Schlosser et al., 1995).  Although this
data is extremely valuable because of its uniqueness (i.e., it is the only such data published
concerning U.S. commercial flocks), it can only be expected to have direct relevance to the
Pennsylvania industry.  Similar limitations also apply for the positive egg frequency data
generated by this project.

Another limitation is the lack of temporal data to provide information regarding patterns of flock
prevalence and within-flock prevalence over time.  Estimates of positive egg frequencies in
Category 2 low prevalence flocks, for example, were developed based on theoretically static
within-flock prevalence levels because empiric evidence was lacking.  Furthermore, estimates of
positive eggs were restricted to an annual basis because monthly or quarterly estimates could not
be supported by the available data.

The scope of this risk assessment also applied limitations for the production module.  This
assessment was designed to model the number of human illnesses resulting from internally SE-
positive eggs, then evaluate the effectiveness of various mitigations in reducing these illnesses. 
Therefore, we developed a baseline model which reflects the status quo regarding SE occurrence. 
The model does not attempt to reflect changes in SE occurrence over time.

In Europe, the emergence of a particularly virulent strain of SE has resulted in a persistent and
pervasive SE problem.  While the current situation in the U.S. is not as severe as Europe’s,
research by Guard-Petter (1997) suggests that the U.S. situation may yet evolve to the level of the
European experience.  Specifically, Guard-Petter et al. (1997) argue that SE populations on farms
can undergo differentiation and result in growth to higher cell densities, expression of virulence
factors, and overall higher penetrance within flocks.  Such developments could result in greater
frequencies of high prevalence flocks in the U.S. over time.  The recent detection of Phage type 4
SE - the SE type currently affecting Europe - in U.S. commercial egg flocks (Kinde et al., 1996
and Hogue et al., 1997) suggests the need for heightened surveillance for SE in this country. 
However, this assessment does not currently address a hypothetically increasing prevalence of
severe SE infections in the U.S.  Nevertheless, as more epidemiologic data becomes available,
the model can be adapted to evaluate such changes.
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H. Mathematics of the Production Module

1. Definitions of Constants

N  � number of flocks in size stratum I, (I=1,2,3,4)i

B  � number of hens per flock in stratum I, (I=1,2,3,4)i

E � frequency of eggs per hen per day (0.72)

Z  � percent of eggs only marketed to the shell egg market per year1

Z  � percent of eggs marketed to the shell egg market then diverted to egg products2

market per year

Z  � percent of eggs marketed directly to the egg products market per year3

Z  � percent of eggs that are inedible per year4

2. Variables

a. Input variables

p  � prevalence (percent) of SE-positive flocks in stratum  i        i

h � frequency (percent) of high prevalence flocks among SE-positive flocks 

m � frequency (percent) of flocks that have molted 

f  � frequency (percent) of SE-positive eggs produced by SE-positive flocks inj

category j, (j=1,2,3,4,5,6)

k � number of days a flock is out of production due to molting

d � number of days post-molt that molted flocks experience increased positive
egg frequencies

s � percent of SE-positive flocks detected when sampling 300 hens per flock
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3. Calculations

a. Intermediate variables

(1) Number of positive flocks

HPM  � number of SE-positive, high prevalence, molted flocks in stratum Ii

HPM  = N  * p  * h * mi  i  i

HPUM  � number of SE-positive, high prevalence, unmolted flocks in stratum Ii

HPUM= N  * p  * h * (1-m)i  i

LPM1  � number of Category 1, SE-positive, low prevalence, molted flocks in stratum Ii 

LPM1  = N  * p  * (1- h) * s * mi  i  i

LPM2  � number of Category 2, SE-positive, low prevalence, molted flocks in stratum Ii 

LPM2  = N  * p  * (1- h) * (1-s) * mi  i  i

LPUM1  � number of Category 1, SE-positive, low prevalence, unmolted flocks in stratum Ii 

LPUM1  = N  * p  * (1- h) * s * (1-m)i  i  i

LPUM2  � number of Category 2, SE-positive, low prevalence, unmolted flocks in stratum Ii 

LPUM2  = N  * p  * (1- h) * (1-s) * (1-m)i  i  i

(2) Total eggs per year produced by positive flocks

EHPM  � total eggs produced per year by HPM  flocksi          i

EHPM = HPM  * B  * E * (365 days - k)i  i  i

DEHPM  � total eggs produced by HPM  flocks during d days following molt, i       i

DEHPM = Normal(HPM  * B  * E * µ  , (HPM  * B  * E *� ) )i  i  i    d  i  i   d
0.5

YEHPM  � total eggs produced by HPM  flocks during the rest of the year, i       i

YEHPM = EHPM  - DEHPMi  i  i  

EHPUM  � total eggs produced per year by HPUMi flocksi  
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EHPUM = HPUM  * B  * E * 365 daysi  i  i

ELPM1  � total eggs produced per year by LPM1  flocksi          i

ELPM1 = LPM1  * B  * E * (365 days - k)i  i  i

DELPM1  � total eggs produced by LPM1  flocks during d days following molt,i       i

 DELPM1 =Normal(LPM1  * B  * E * µ  , (LPM1  * B  * E *� ) )i i  i    d  i  i   d
0.5

YELPM1  � total eggs produced by LPM1  flocks during the rest of the year,  i       i

YELPM1 = ELPM1  - DELPM1i  i  i 

ELPM2  � total eggs produced per year by LPM2  flocksi          i

ELPM2 = LPM2  * B  * E * (365 days - k)i  i  i

DELPM2  � total eggs produced by LPM2  flocks during d days following molt,i       i

DELPM2 =Normal(LPM2  * B  * E * µ  , (LPM2  * B  * E *� ) )i i  i    d  i  i   d
0.5

YELPM2  � total eggs produced by LPM2  flocks during the rest of the year,   i       i

YELPM2 = ELPM2  - DELPM2i  i  i  

ELPUM1  � total eggs produced per year by LPUM1  flocksi          i

ELPUM1 = LPUM1  * B  * E * 365 daysi  i  i

ELPUM2  � total eggs produced per year by LPUM2  flocksi          i

ELPUM2 = LPUM2  * B  * E * 365 daysi  i  i

(3) SE-positive eggs per year produced by positive flocks

SEHPM  � SE-positive eggs produced per year by HPMi flocksi  

SEHPM  = i

Normal[(YEHPM  * f  ), (YEHPM  * f ) ] + Normal[(DEHPM  * f  ), (DEHPM * f ) ]i   1  i   1   i   2  i  2
0.5        0.5

where f  is the positive egg frequency for high prevalence, unmolted flocks and1

f  is the positive egg frequency for high prevalence, molted flocks.2

SEHPUM - SE-positive eggs produced per year by HPUMi flocksi
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SEHPUM  = Normal[(EHPUM  * f  ), (EHPUM  * f ) ] i  i   1  i   1
0.5

SELPM1  � SE-positive eggs produced per year by LPM1  flocksi          i

SELPM1  = i

Normal[(YELPM1 *f  ), (YELPM1 *f ) ] +Normal[(DELPM1 *f  ), (DELPM1 *f ) ]i 3  i 3  i 4  i 4
0.5    0.5

where f  is the positive egg frequency for Category 1 low prevalence, unmolted3

flocks and f  is the positive egg frequency for Category 1 low prevalence, molted4

flocks.

SELPM2  � SE-positive eggs produced per year by LPM2  flocksi          i

SELPM2  =i

Normal[(YELPM2 *f  ), (YELPM2 *f ) ] + Normal[(DELPM2 *f  ), (DELPM2  * f ) ]i 5  i 5   i 6  i   6
0.5       0.5

where f  is the positive egg frequency for Category 2 low prevalence, unmolted5

flocks and f  is the positive egg frequency for Category 2 low prevalence, molted6

flocks.

SELPUM1  � SE-positive eggs produced per year by LPUM1  flocksi          i

SELPUM1  = Normal[(ELPUM1  * f  ), (ELPUM1  * f ) ] i  i   3  i   3
0.5

SELPUM2  � total eggs produced per year by LPUM2  flocksi          i

SELPUM2  = Normal[(ELPUM2  * f  ), (ELPUM2  * f ) ] i  i   5  i   5
0.5

b. Output variables

Y � total number of SE-positive eggs produced per year

Y = �  [SEHPM + SEHPUM + SELPM1 + SELPM2 + SELPUM1 + SELPUM2 }         I   i  i  i    i    i   i   

Y  � total number of SE-positive eggs marketed to shell eggs per year1

Y  = Y * Z1    1

Y  � total number of SE-positive eggs marketed as egg products per year2

Y  = Y * (Z + Z  ) 2    2  3

Y  � total number of SE-positive eggs that are inedible per year3

Y  = Y * Z3    4
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